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Introduction 29
In order to reach the EU target of 20-20-20 (20% GHG emissions reduction, 20% increase of renewable energy and 20% 30 increase in energy efficiency by 2020 from 1990 levels), the building sector has to be looked into, since the building energy 31
Page 6 of 24
The EPBD recast [2] defines a nearly zero-energy building (nZEB) as a building that has a very high energy performance 111 and should be covered to a very significant extent by energy from renewable sources, including energy from renewable 112 sources produced onsite or nearby. Finland has not yet announced an official nZEB definition. Nerveless, it can be assumed 113 that the nZEB requirement is the highest energy efficient class according to the current Finnish regulations building energy 114 certificate [20] . Therefore, for office buildings, the highest energy efficient class is "A" where the imported PE has to be 115 less than 80 KWh/m 2 a. Similarly to the cost-optimal calculation, the nZEB performance is addressed by the imported PE 116 following the energy performance calculation method in [20] . 117
The net zero-energy building (NZEB) is defined as a building with greatly reduced energy needs through efficiency gains 118 such that the balance of energy demand can be supplied with onsite or nearby renewable technologies on a yearly level 119 [21] . However, the NZEB definition and related aspects have to be identified consistently. In this study, the NZEB building 120 boundary is defined to include all H/C-EGSs as the onsite supply option and the necessary space required to install any 121 additional onsite or nearby renewable energy technology (RET). However, the imported fuel has to be taken into account in 122 the NZEB balance. The typical operating energy uses are considered for the balance, including heating, cooling, ventilation, 123 domestic hot water, lighting, HVAC equipment, and appliances. The import/export is the balancing type. Symmetrical non-124 renewable PE factors are used for importing and exporting the electricity. Typically, the balance period is a year. The net 125 PE is the metric balance. The NZEB balance is fulfilled when the net PE is equal to or less than zero as shown by Eq. (1). 126 ‫ݐ݁݊‬ ‫ܧܲ‬ ൌ ∑ ‫ܧܲ‬ െ ‫ܧܲ‬ ௫,ா
(2) 128
where PE imp is the annual imported primary energy of an energy carrier, i refers to a given imported energy carrier, n is the 129 number of the imported energy carriers crossing the building boundary, and PE exp,Ele is the annual primary energy 130 associated with the exported electricity. 131
Reaching the nZEB and NZEB, the photovoltaic panels (PV) are chosen as RET to be implemented in the office building 132 (step 6- Fig. 1 ). Therefore, the electricity produced via PV can be utilized for the electrical demand to reduce the energy cost 133 of electricity and the surplus electricity can be exported to the grid for compensating the imported energies and to make 134 financial profits. As shown in step 6 in Fig. 1 , the PV panels are installed in both the cost-optimal and minimum energy 135 performance solutions for each H/C-EGS. The aim is to investigate the economic viability of achieving the nZEB and 136 NZEB based on both solutions and comparing them. Computational case study 143
Reference building description 144
The office building is the same representative office building identified in [4] . It is a six-story office building with a narrow 145 shape (an approximately 50 m x 22 m footprint) with the short sides oriented to the east and the west. The room height is 146 3.6 m. Each floor is 936 m 2 and the net heated floor area is 5615 m 2 . Envelope properties, operation schedule, and set point 147 temperatures of the reference office building are shown in Table 1 . More detailed descriptions are presented in [4] . The 148 reference building and all building EEM combinations are simulated using IDA-ICE simulation software [22] using 149 reference year weather data (Vantaa TRY2012) [23] used as well in [4] . optimal orientation, and solar shading are not considered in this study because they showed low energy-saving potential in 166 [24] . Additionally, the optimal range of the external wall insulation and optimal window parameters and sizes were 167 investigated based on the cost-optimal solutions for office buildings in [25] , [26] . The building alternatives of EEMs and 168 their associated costs are obtained from [4] , [8] , [27] , [28] and illustrated in details in Appendix A, including three levels of 169 wall insulation, four different window types, four levels of infiltration, and three options of BSSP. All 144 building EEM 170 combinations including both building envelope measures and BSSP options are integrated into the simulation software to 171 find out the annual heating, cooling and electrical demands. 172
In this study, sixteen H/C-EGSs (Table 2) Table 2 . 177 178 It should be noticed that the thermal heating and cooling capacities of all heating and cooling systems vary from building 179 combination to another to cover the peak thermal heat demands for each. Also, the capacities of biomass-based CCHP are 180 sized to cover the total peak thermal heating demand required for heating and cooling purposes [29] . The cost of the 181 conventional heating and cooling systems are from [30] , [31] , [32] , [33] . For the GSHP-GC, the borehole lengths required 182 for both heating and free ground cooling purposes of the 144 building combinations are calculated and optimized using 183 EED 3 (Earth Energy Designer) software [34] . The average annual efficiencies of the conventional systems are obtained 184 from the Finnish building codes [5, 6] . The biomass-and fossil fuel-based CHPs' efficiencies, not mentioned in the Finnish 185 building codes are assumed constant and equal to the nominal efficiencies. The costs and performance of the CHPs are 186 from [12] , [35] , [36] , [37] as shown in details in Table B . 5 -Appendix B. Some of the suggested biomass-based CCHP 187 were investigated before, for example, the ORC-AC and SE-AC as biomass CCHP are investigated in [38] and [39] . For the 188 electrical connection fee, the installation cost for 380 V with electrical current higher than 200 A is 60 € multiplied by thepeak ampere [30] which vary according to the peak electrical load of the building EEM combinations. All heating and 190 cooling systems have a life span of 20 years. Therefore, there is no replacement for any heating or cooling system. All 191
CHPs are operated to track the thermal demands with ON/OFF operation using the dead band of a water storage system 192 with a capacity of 3.0 cubic meters [16, 11] . In this study, there is only one value for the annual costs including the 193 subscription costs, as well as operation and maintenance (O&M) costs. 194
The reference office building has EEMs of wall 1, win 1, inf 1, BSSP 1. The reference case consists of the reference 195 building served by DH-VCR as H/C-EGS. The DH-VCR is selected because in the urban area of the Helsinki region, the 196 DH utilized in the building stock has the highest percentage of 85% [40] . In [4] , only the VCR system was investigated as a 197 cooling option for the new office buildings. The DC option has been growing rapidly in the Helsinki region but it is still not 198 a common cooling option [41] . 199
Energy performance factors 200
The energy performance is commonly defined by the PE consumption, but additionally in this study, is also defined by the 201 CO 2 -eq emissions as long as the EU target is to reduce the GHG emission by 20%, nevertheless it is not stated in the EPBD 202 recast. The aim is to compare between the PE consumption and the CO 2 -eq emission as energy performance metrics. The 203 national Finnish conversion PE factors and CO 2 -eq emission factors are given in Table 3 . The national Finnish conversion 204 PE factors are from Finnish building code D5-2012 [6] , while the CO 2 -eq emission factors are from [16, 42] . 205 206 Table 3 . 207 208
3.4
Life-cycle cost parameters 209
In this study, the starting year of the cost calculation is 2013. All cost taken from references before 2013 are updated based 210 on building cost indices and inflation rates from [28] . The calculation period is 20 years as recommended for the office 211 building in EU regulation supplementary Directive 2010/31/EU [3] . For the basic calculations, a 3% real discount rate is 212 used [3] . The sensitivity analysis is carried out with three different real discount rates of 1%, 6%, and 10%. All building 213
EEMs have a life span equal to the calculation period, therefore the residual value will equal zero for all EEMs and 214
Page 10 of 24 packages. No disposal costs for building elements and EEMs are taken into consideration. Table 4 shows the fuel and 215 energy prices, and their escalation rates obtained from [43] . All energy prices include taxes and transportation costs. 216
Regarding the exported electricity produced by the multi-generation systems, the current Finnish energy policy for the feed-217 in tariff states that the exported electricity produced via new small scale biomass-and biogas-based CHP has a target price 218 of 83.5 €/MWh [44] where the Energy Market Authority will pay the difference between the target price and the average 219 spot market price every three months. This feed-in tariff scheme is applied for twelve years. In light of that, it is assumed 220 that for all CHP technologies including the fossil fuel-based, the exported electricity price is 83.5 €/MWh without taking 221 into consideration any inflation rate over the calculation period. 222 223 Table 4 . 224 225
3.5
Implementing PV panels to achieve nZEB and NZEB 226
According to the offer provided by local energy distribution companies Fortum Company [30] , Helsingin Energia [45] in 227 the Helsinki region, the PV system is installed completely by those companies and they give fees for purchasing the surplus 228 electricity. Based on the offered PV system by [30] , the installation price of the whole PV system is 427.6 €/m 2 (including 229 VAT) with a 20-year guarantee. The annual service fee is 46.70 €. In this study, the hourly electricity produced by the PV 230 system is calculated by TRNSYS 17.1 software [46] according to its specifications [47] shown in Appendix C using the 231 same reference year's weather data (Vantaa TRY2012) [23] . The orientation of the PV modules is selected to be horizontal 232 to utilize the maximum roof area without losing in-between areas when the PV modules are tilted to avoid the shading 233 effect on each other. Therefore, the maximum collected solar energy can be yielded. The calculated electricity production 234 after the inverter of a one square meter of PV is 119.6 kWh/a. The hourly matching between the electrical demand and the 235 electricity produced via the PV system is carried out using Matlab software. 236
The exported price of the electricity produced via the PV system varies hourly depending on the spot market price. It is 237 assumed to be equal to the spot market price minus a 0.24 c/kWh margin fee and a 0.07 c/kWh online service fee [30] is assumed that the electricity produced via PV has the same escalation rate as the imported electricity. 241
4
Results and discussion 242
Energy demands 243
The impact of implementing the separate aforementioned building EEMs to the reference office building is shown in Fig. 3 . 244
The reference building has the main EEMs of wall 1, win 1, inf 1, and BSSP 1. The options of EEMs are two wall options 245 (wall 2 and 3), three window types (win 2, 3, and 4), three infiltration levels (inf 2, 3 and 4), and two options of building a 246 service system package (BSSP 2, and 3), see summer (unoccupied time) where the daytime is too long at higher latitudes. Also, the HVAC auxiliary systems and the 254 lighting electrical demand decrease by 62% and 8% respectively. Generally speaking, the external wall with low U-value 255 and lower infiltration level than the reference one has a lower heating demand and a higher cooling demand. The window 256 types 2 and 3 reduce the SPC demand by 52 % and increase the SPH demand slightly with respect to the reference building. 257 
Cost-optimality calculation 275
Depending on the simulation results of all building EEM combinations, the annual imported PE and CO 2-eq emissions are 276 evaluated using post-processing of the annual heating, cooling and electrical demands obtained from the simulation of 144 277 building cases using the annual average efficiencies of distribution systems and the H/C-EGSs. 278
Using the financial calculation method, the incremental life-cycle cost is calculated for all cases taking into account the paid 279 costs by the customer including all applicable taxes. The DH-VCR system package serving the reference building is the 280 reference case which has dLCC equal to 0 €/m 2 as indicated in Section (3.2). The dLCC of all cases are presented with two 281 metrics; imported PE and imported CO 2 -eq emissions to evaluate the energy performance of the office building. 282 savings with respect to the reference cases. Additionally, the cases of BSSP 1 group with PB-VCR and GSHP-GC have 297 also dLCC less than the reference case. The pellet boiler technology, which is a mature product with the advantage of 298 running on an abundance of biomass fuels, requires relatively low investment and annual costs. The pellet fuel price and its 299 escalation rate are the lowest among all energy carriers. The GSHP-GC is a low-operating-cost, environmentally friendly 300
Imported Primary energy (PE) consumption versus incremental life-cycle cost (dLCC) 283
Regarding the multi-generation systems shown in Fig. 5 , it can be noticed that biomass-based CHP technologies with high 302 P/H ratio (such as IFGT and ICE) cannot compete with the conventional systems due to the following reasons. The first one 303 is the high investment cost relating to high heating and electrical capacities as well (Table 5 .B -Appendix B). The second 304 reason is that high P/H ratio, which means low thermal efficiency yields to high operational cost since the CHP operational 305 strategy is the thermal tracking. On the contrary, the biomass-based CHP technologies with low P/H ratio (such as SE and 306 ORC) can compete with the conventional systems. Also, for the same building EEM combination, it is found that the 307 imported PE increases for the PB and biomass-based CHPs when the VCR is replaced by AC as a cooling system. From the 308 imported PE point of view, the increase of the imported PE varies from one building EEM combination to another, 309 depending on the thermal performance of the PB and biomass-based CHPs. The PB-AC has the imported PE increase by a 310 does not have an environmental advantage with respect to the imported PE according to the current Finnish energy 316 calculation regulations in [5] and [20] , while it will be feasible with respect to the net PE consumption. From an economic 317 point of view, the dLCC increases significantly as a result of increase in the investment cost of both biomass-based CHP 318 Page 14 of 24 and the AC as well as the purchased fuel. The same conclusion of the lack of economic viability of a small scale biomass-319 based CCHP was reached by [29] and [49] . 320 Table 5 shows the cost-optimal and minimum energy performance solutions regarding the imported PE for all H/C-EGSs. 324
The reference case has imported PE of 162.4 kWh/m DC because it has lower annual costs where the O&M cost of the VCR is less than the sum of the annual subscription and 332 the O&M costs of the DC system (Table B. 1 and Table B. 
-Appendix B). 333
Regarding the multi-generation systems, the ORC-VCR and SE-VCR have the lowest dLCC among all CHP and CCHP 334 systems of -55 €/m 2 and -49 €/m 2 corresponding to an imported PE of 113 kWh/m 2 a and 112 kWh/m 2 a, respectively. Table  335 5 shows that, the IFGT-AC has the highest exported PE of 34 kWh/m 2 a. Therefore, it has the minimum net PE of 92 336 kWh/m 2 a but high additional dLCC due to high thermal capacity as well as the operational cost corresponding to high 337 imported fuel. The fossil fuel-based CHP systems record the highest imported PE as well as relatively high dLCC. 338
The difference between the dLCC of the global cost-optimal solution of GSHP-GC and that of GH-DC (which has 339 maximum negative incremental life-cycle cost of -36 €/m 2 ) is 47 €/m 2 . Comparing this value with the global cost-optimal 340 (1889 €/m 2 ) given by [4] , even though the difference between the life span used in this study (20 years) and that used in [4] 341 (40 years), it is found that it yields less than 2.5 %. Therefore, due to inputs data uncertainty, each of these system 342 combinations GSHP-GC, PB-VCR, DH-VCR, ORC-VCR, SE-VCR, and DH-DC could be the global cost-optimal solution. 343 Table 5 . 345 346 As shown in Table 5 , the local cost-optimal solutions for all biomass-based CHPs, and NG-ICE-VCR have building EEM 347 combinations of wall 2, win 2, inf 4, and BSSP 2 as the cost effective EEMs from both heating and cooling demands. Once 348 the AC and DC cooling systems are implemented, there is no need to invest more in the infiltration level due to dependency 349 on the lowest energy carriers' costs. Therefore, the DH-DC and all CCHPs have building EEM combinations of wall 2, win 350 2, inf 1, and BSSP 2. However, for the GSHP-GC, PB-VCR, and DH-VCR which have the lowest dLCC and the highest 351 heating efficiency and/or COP, there is no need to invest more in the building EEMs, only implementing the most efficient 352 EEM (i.e., BSSP 2) in the reference building. Due to high energy prices of the fossil fuel supplied to the fossil fuel-based 353
CHPs, the local cost-optimal solutions have high levels of the building EEM combinations of wall 2, win 4, inf 4, and 354 BSSP 3 except the NG-ICE-VCR with relatively low P/H. The minimum energy performance solutions for all H/C-EGSs 355 have the highest EEM levels of wall 3, win 4, inf 4, and BSSP 3. 356 Fig. 6 shows the breakdown of the cost-optimal solutions of all H/C-EGSs with respect to the reference case costs. It can be 357 noticed that all local cost-optimal solutions bring with them additional investment costs due to the implementation of the 358
EEMs. Because all local cost optimal solutions have either BSSP 2 or BSSP3, which consist of VAV system and daylight 359 control, all cost-optimal solutions have energy cost savings by way of reduced electrical demands. The highest electrical 360 demand cost saving is recorded by biomass-and fossil fuel-based CHPs having high P/H ratios and all biomass-based 361
CCHPs. The GSHP-GC is the only system that has investment and operational cost savings covering the cooling demand 362 with respect to the VCR of the reference case as a result of free ground cooling, which mainly needs a pumping system. 363
The DC has high investment and operational cost over the VCR of the reference case by 43 €/m 2 . The high investment and 364 operational cost increase of the AC for PB-AC and all biomass-based CCHPs over the VCR of reference case is not only 365 due to the difference of the cooling system itself, but also includes the investment and operational cost difference of the 366 heating system supplying the AC system. 367
The investor or the decision maker might not depend only on the results of the comparative framework methodology, where 368 other factors are not reflected in the comparative framework methodology and/or excluded in this study. For example, the 369 heating/cooling system package's reliability, social acceptance, local emission, additional space required depending on the 370 footprint, fuel procurement and storage, etc. have a strong influence on the decision making. 
4.2.2
Imported CO 2 -eq emissions versus incremental life-cycle cost 374 Fig. 7 shows the imported CO 2 -eq emissions versus the dLCC for all building EEM combinations for each H/C-EGS. The 375 imported CO 2 -eq emissions mean the released CO 2 -eq emissions associated with the imported energies, whereas the 376 exported CO 2 -eq emissions mean the displaced CO 2 -eq emissions in the grid associated with the exported energies from 377 renewable energy sources, using the symmetric CO 2 -eq emission factors. The imported CO 2 -eq emissions are in range of 378 13.1 kg CO2 /m 2 a and 76.2 kg CO2 /m 2 a. It can be noted that for biomass-based CHP and CCHP systems, the difference between 379 the imported CO 2 -eq emissions between the building EEM combinations of BSSP 1 and BSSP 2&3 is very small. The 380 building EEM combinations with BSSP 2&3 have always imported CO 2 -eq emissions lower than ones with BSSP 1. The 381 net CO 2 -eq emissions can be defined as the difference between the imported and exported CO2-eq emissions. From the net 382 CO 2 -eq emissions point of view, the building EEM combinations with BSSP 2&3 have lower net CO 2 -eq emissions than 383 ones with BSSP 1, except the ORC. The reason is mainly related to the very low CO 2 -eq emission factor of pellet fuel 384 compared to other energy carriers. As concluded in [16] for net CO 2 -eq emissions , as long as the biomass-based CHP 385 systems are operated under a thermal tracking strategy, the possibility of producing electricity which can be utilized by the 386 electrical demand or exported to the grid, is decreased with highly efficient thermal demands, leading to an increase in the 387 net CO 2 -eq emissions. Replacing the VCR by AC with the PB and all biomass-based CHP achieves reduction in the 388 imported CO 2 -eq emissions and net CO 2 -eq emissions as well. Significant reductions of the imported CO 2 -eq emissions of 389 17%, 16%, 15%, and 14% are obtained when the AC is implemented instead of VCR as a cooling system with SE, ORC, 390 IFGT, and ICE, respectively. Once the displaced CO 2 -eq emissions in the grid associated with the exported electricity is 391 taken into account, the net CO 2 -eq emissions reduces by 41%, 39%, 23%, and 20% with IFCT, ICE, ORC, and SE, 392 respectively, when the AC is implemented instead of the VCR. The global cost-optimal solution, as well as the cost-optimal solutions for each H/C-EGS, is the GSHP-GC the same as the 397 one illustrated with the imported PE results. As shown in Table 6 , the global cost-optimal solution has imported CO 2 -eq 398 Page 17 of 24 emissions of 16.9 kg CO2 /m 2 a, with a savings of 50% with respect to the reference case which has imported CO 2 -eq 399 emissions of 33.8 kg CO2 /m 2 a. The imported CO 2 -eq emissions savings are higher than the imported PE savings of the local 400 cost-optimal solutions for each H/C-EGS with respect to the reference case except the NG-mT-VCR and the D-ICE-VCR. 401
The reason is primarily related to the PE factors and CO 2 -eq emission factors. It can be concluded that, under Finnish 402 conditions, the imported CO 2 -eq emissions as an energy performance metric is a straightforward way to achieve the EU 403 target of reducing the GHG emissions by 20%. However, the argument of evaluating the energy performance using either 404 the PE consumption or the CO 2 -eq emissions primarily depends on the national factors where the results obtained by this 405 study cannot be generalized. 406
The minimum imported CO 2 -eq emission solutions of all biomass-based systems except the ORC-AC do not have the most 407 efficient EEMs as shown in the minimum imported PE solutions. This is primarily related to a very low pellet fuel CO 2 -eq 408 emission factor with respect to other energy carriers. However, the difference between the minimum imported CO 2 -eq 409 emission solutions and the cases with the most efficient EEMs is less than 0.02 kg CO2 /m 2 a. 410 411 Table 6 . 412 413
nZEB and NZEB calculations 414

Implementing PV to reach nZEB and NZEB levels 415
In the context of the aforementioned nZEB and NZEB definitions, PV as a RET is implemented to reach nZEB and NZEB. 416
As shown in Fig. 8 , the PV system in a 200 m 2 module step is installed "onsite" reaching 1000 m 2 , which is approximately 417 equal to the roof area of the office building while over 1000 m 2 ; it has to be installed "nearby." The local cost-optimal 418 solutions for all H/C-EGSs are extended by installing a PV area equal to the maximum PV area determined to achieve the 419 NZEB balance between the imported and exported PE as given in Table 5 . Meanwhile, the minimum energy performance 420 where the proposed nZEB imported PE limit is reached by installing the PV system onsite (i.e., PV area ≤ 1000 m 2 ). It can 422 be noticed that the PV area ≤ 1000 m 2 has a small increase in the dLCC. The reason is primarily related to the high 423 correlation between the PV electricity production and the electrical demand. The percentage of the onsite utilized electricity 424 varies between 65% and 72% depending on the H/C-EGS. However, small addition LCC is observed as the difference 425
Page 18 of 24 between both the investment cost of a PV system and the exported electricity and the annual cost saving of the imported 426 electricity. Over a 1000 m 2 PV area, where the PV area has to be installed nearby, the percentage of the onsite utilized 427 electricity produced by the PV system is decreased and the dLCC increases rapidly due to the low feed-in tariff of the 428 exported electricity. The dLCC of the extended local cost-optimal solutions by PV system are less than those of the 429 extended minimum energy performance solutions as presented by the GSHP-GC. Therefore, the NZEB balance is fulfilled 430 and presented by the local cost-optimal solutions of each H/C-EGS. 431
The NZEB balance is fulfilled when the maximum PV area is implemented for the local cost-optimal solution each H/C-432 EGS given in Table 5 
The effect of using the hourly spot price as a feed-in tariff instead of using the annual average value 446
In the base calculation, the prices of exported electricity produced by the PV system are calculated using the annual average 447 value of the spot market price for 2013. Repeating the nZEB and NZEB cost calculation using the hourly spot price as a 448 feed-in tariff instead of the annual average value for 2013; it is found that the difference is negligible. The maximum dLCC 449 variation when the hourly spot price used with the global cost optimal solution (i.e., GSHP-GC extended by 2946 m 2 PV 450 area as an example) is equal to 1.6 €/m 2 more the dLCC when the average annual value is used. 451
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Sensitivity analysis 452
The sensitivity analysis is carried out to show the effect of different real discount rates on the local cost-optimal solutions 453 for all H/C-EGSs. The basic real discount rate used as aforementioned is 3%. Other three real different discount rates are 454 selected: 1%, 6%, and 10%. Fig. 9 shows the imported PE and dLCC of the local cost-optimal solutions where the H/C-455
EGSs are in ascending order based on their dLCC of the base calculation of 3% of the real discount rate. The dLCC is 456 calculated relative to its reference case cost with the same real discount rate, therefore the costs of reference cases with all 457 real discount rates are drawn on zero value. The change of the imported PE for the same H/C-EGSs with different real 458 discount rates means a change in its cost-optimal solutions' building EEM combinations. It can be concluded that, the 459 GSHP-GC is a global cost optimal solution with low real discount rates of 1% and 3%. The DH-VCR and PB-VCR become 460 the global cost-optimal solutions, with 6% and 10% real discount rates, respectively. The DH-VCR and DH-DC become 461 more economic than the ORC-VCR and SE-VCR with high real discount rates of 6% and 10%. All biomass-based CCHPs 462 are the most expensive system packages with high real discount rates of 6% and 10%. Natural gas and diesel oil have high 463 energy costs and high escalation rates. Therefore the discounted annual costs of the fossil fuel are decreased significantly 464 compared to other energies when the real discount factors increases. Additionally, increasing the imported PE of 6% and 465 10% real discount rates cases yields that the dLCCs are close together for all studied real discount rates. • The NZEB solutions extended based on the cost-optimal solutions for all H/C-EGSs have lower dLCC than that of the 508 extended based minimum energy performance solutions. 509
• The NZEB achieved by extending the global cost optimal (GSHP-GC) has a dLCC of 39 €/m 2 . However, the extended 510 local cost optimal solutions of PB-VCR, DH-VCR, ORC-VCR, and SE-VCR have dLCC less than 64 €/m 2 . 511
As shown, since the EEMs and H/C-EGSs are applicable to be implemented in either new or existing buildings, the results 512 of this study can help the designers throughout the design process of nearly and net ZEB for new construction of, and the 513 retrofitting of existing office buildings. Additionally, the results will be also useful to the policy makers since the 514 legislation of Finnish nearly ZEB will be set in the coming years. 515
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Appendix A Energy efficiency measures and their costs 522
The proposed energy efficiency measures (EEM) included the computational case study; external wall insulation levels, 523 window types, infiltration levels, and building service system package (BSSP) (ventilation system and daylight control) are 524 listed in Table A 
Appendix B Heating/cooling energy generation system packages' (H/C-EGS) performance and cost 531 Page 22 of 24
The H/C-EGSs' performance and costs are shown in Fig. 3 . Annual energy demands of the reference building (consists of wall 1, win 1, inf 1, and BSSP 1) and the effect of changing one EEM on the reference building (indicated by EEM changed from the reference case). Fig. 4 . Heating, Cooling, and electrical demands of the 144 building EEM combinations. Fig. 5 Incremental life-cycle cost (dLCC) versus imported primary energy (PE) for all building EEM combinations integrated with H/C-EGSs. Filled and unfilled markers refer to BSSP 1 and BSSP 2&3 combinations, respectively. The dashed lines link visually between the two groups for each H/C-EGS. For interpretation of each marker's color, the reader is referred to the web version of the article. Fig. 6 Breakdown of the local cost-optimal solutions of all H/C-EGSs with respect to the reference case costs. For interpretation of each marker's color, the reader is referred to the web version of the article. Fig. 7 Incremental lifecycle costs versus imported CO 2 -eq emissions for all building EEM combinations integrated with H/C-EGSs. Filled and unfilled markers refer to BSSP 1 and BSSP 2&3, respectively. The dashed lines link visually between the two groups of each H/C-EGS. For interpretation of each marker's color, the reader is referred to the web version of the article. Fig. 8 The incremental life-cycle cost of implementing a PV system in 200 m 2 modules versus the imported PE for the local cost-optimal solutions of each H/C-EGS. The GSHP-GC has two extensions based on local cost-optimal (filled marker) and minimum energy performance solutions (unfilled marker). The IFGT-AC and ICE-AC are out of the dLCC range. The EEM combinations and maximum PV area achieving the NZEB are given in Table 5 . For interpretation of each marker's color, the reader is referred to the web version of the article. Fig. 9 The cost-optimal solutions versus the imported PE consumption for each heating/cooling system package at different discount rates. The H/C-EGSs are in ascending order according to the cost-optimal solutions obtained from base calculation with a 3% discount rate .For interpretation of each marker's color, the reader is referred to the web version of the article. 2 modules versus the imported PE for the local cost-optimal solutions of each H/C-EGS. The GSHP-GC has two extensions based on local cost-optimal (filled marker) and minimum energy performance solutions (unfilled marker). The IFGT-AC and ICE-AC are out of the dLCC range. The EEM combinations and maximum PV area achieving the NZEB are given in Table 5 . For interpretation of each marker's color, the reader is referred to the web version of the article. Fig. 9 The cost-optimal solutions versus the imported PE consumption for each heating/cooling system package at different discount rates. The H/C-EGSs are in ascending order according to the cost-optimal solutions obtained from base calculation with a 3% discount rate .For interpretation of each marker's color, the reader is referred to the web version of the article. Always On a All detailed profiles depend on the zones utilization, for example, offices, meeting rooms, etc. [4] . Table 2 . Heating/cooling energy generation system packages (H/C-EGSs).
Heating/cooling energy generation system package (H/C-EGS) description
Abbreviation District heating and vapor compression refrigeration system DH-VCR District heating and district cooling systems DH-DC Pellet boiler and vapor compression refrigeration system PB-VCR Ground source heat pump and free ground cooling GSHP-GC Biomass-based organic Rankine cycle and vapor compression refrigeration system ORC-VCR Biomass-based internal combustion engine with gasifier and vapor compression refrigeration system ICE-VCR Biomass-based indirect fire gas turbine and vapor compression refrigeration system IFGT-VCR Biomass-based updraft gasifier with stirling engine and vapor compression refrigeration system SE-VCR Pellet boiler and absorption chiller system PB-AC Biomass-based organic Rankine cycle and absorption chiller system ORC-AC Biomass-based internal combustion engine with gasifier and absorption chiller system ICE-AC Biomass-based indirect fire gas turbine and absorption chiller system IFGT-AC Biomass-based updraft gasifier with stirling engine and absorption chiller system SE-AC Natural gas-based internal combustion engine and vapor compression refrigeration system NG-ICE-VCR Natural gas-based micro-turbine and vapor compression refrigeration system NG-mT-VCR Diesel-based internal combustion engine and vapor compression refrigeration system D-ICE-VCR [16, 42] a NG and Diesel oil CO 2 emission factors are based on [16] , otherwise [42] . [43] . b The escalation rate is calculated based on the energy price evolution for last 10 years. c Since the district cooling historical data are not available, it is assumed that it has same escalation rate as DH. [4] a In all windows, the blinds are between the outer panels. The worker cost is subtracted from the total cost of windows taken from [4] to be only the investment cost. [7] and updated to 2013 ones by using 3.2 % inflation rate [28]  The annual O&M costs are assumed to be 1.5% of installation cost.  The optimal borehole lengths required for both heating and free ground cooling purposes of the 144 building combinations are obtained using EED 3 (Earth Energy Designer) software [34] . a Annual average coefficients of performance are based on [6] b The annual O&M includes checks and solution sample analysis. c Every 3 years O&M includes change rupture disc. d After 10 years O&M includes change the solution pump and refrigerant pump, (the price is assumed).
Page 6 of 7 with VCR 129 -385 kWe a -n The references of all data are identified separately using superscripts. p The first value is the unit fixed annual O&M, while the second one is the annual gas grid subscription fee [30] .
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